The functional importance of the amino terminus of the Helicobacter pylori vacuolating cytotoxin (VacA) was investigated by analyzing the relative levels of vacuolation of HeLa cells transfected with plasmids encoding wild-type and mutant forms of the toxin. Notably, VacA's intracellular activity was found to be sensitive to small truncations and internal deletions at the toxin's amino terminus. Moreover, alanine-scanning mutagenesis revealed the first VacA point mutations (at proline 9 or glycine 14) that completely abolish the toxin's intracellular activity.
The vacuolating toxin (VacA) is an important virulence factor in Helicobacter pylori-mediated gastric disease (1, 2, 4, 5, 14, 15, 17, 18, 20, 22, 24, 25) . Oral administration of purified VacA confers to mice protection against infection by toxin-inducing strains of H. pylori (17) . However, wild-type VacA is not an appropriate vaccine candidate because the toxin induces acute gastric epithelial erosion and ulceration (21) . In an effort to circumvent VacA cytotoxicity, Manetti et al. inactivated the toxin by formaldehyde treatment (16) . Formaldehyde-treated VacA retained the abilities to induce titers of neutralizing antibodies in rabbits and to protect mice from challenges with mouse-adapted strains of H. pylori (16) . Collectively, these results indicate that detoxified VacA may be a candidate for use in vaccines against H. pylori infection and disease.
While chemical inactivation of proteins for use in human vaccines has been historically effective, recent efforts have focused on genetically detoxifying proteins (7, 11, 19) . The strategy of genetic detoxification involves identification of essential amino acids that can be altered by molecular biological procedures to eliminate toxin activity. Genetic manipulations have greater potential for maintaining the antigenicity of the altered protein than does treating toxins with modifying chemicals. Moreover, genetic detoxification provides the quality control necessary for generating consistent preparations of toxoid with identical protective properties. Finally, recombinant toxoids potentially can be incorporated into live attenuated bacterial or viral vaccines.
Although VacA is an excellent candidate for genetic detoxification, point mutations that ablate the toxin's cellular activity below detectable levels have not been identified. While VacA exhibits properties resembling those of the intracellularly acting AB toxins (3, 9, 13) , neither a discrete biochemical activity nor an intracellular target has been identified. In the absence of a defined assay, we have employed a transient transfection system in mammalian cells to identify and characterize the minimal intracellularly active fragment of VacA (Fig. 1 ) that induces degenerative vacuolation (9, 26) . Using this system, we initiated mutational analyses to identify discrete domains and residues that are important for toxin function. Our earlier studies revealed that truncation of only 17 residues inactivated VacA (26), consistent with an independent report stating that a VacA mutant lacking the first 10 residues was inactive in the host cell cytosol (10) . Moreover, analysis of mutants with large deletions (Ͼ20 residues) at the amino terminus demonstrated that an internal deletion of residues 6 to 26 fully ablated toxin activity, and a dominant-negative phenotype was demonstrated in the presence of wild-type toxin (23) . Because these data suggested that the VacA amino terminus is important for toxin activity, we have conducted a more-detailed mutational analysis of this region (Fig. 1) .
Amino-terminal truncations of VacA. HeLa cells were transfected with pET-20b harboring genes encoding either the fullyactive VacA polypeptide (residues 1 to 741), cloned from the 60190 toxigenic strain of H. pylori, or mutagenized fragments of VacA fused to green fluorescence protein (GFP). All of the mutant forms of VacA used in this study were constructed by using a QuikChange site-directed mutagenesis kit (Stratagene) and confirmed by sequencing the entire DNA sequence across the open reading frame (Thermo Sequence; Amersham Life Science). All plasmids were amplified in Escherichia coli and purified prior to transfection experiments. HeLa cells were first infected with recombinant vaccinia virus (vT7) bearing the gene for phage T7 RNA polymerase (9, 12) . Twenty hours after transfection, the HeLa cells were analyzed for vacuolation by quantifying the cellular uptake of neutral red (25) . Using this system, 50 to 80% of the cells clearly demonstrated GFP fluorescence. In HeLa cells transfected with VacA-GFP, vacuolation was observed only in those cells demonstrating GFP fluorescence.
To define which residues at the VacA amino terminus are essential, plasmids expressing VacA fragments with aminoterminal truncations of 4, 6, 7, 8, 9 , and 17 amino acids were constructed. Analysis of HeLa cells transfected with these plasmids revealed that truncating the amino terminus by seven residues or less did not diminish the ability of VacA to mediate vacuolation from within the host cell cytosol ( Fig. 2A) . In sharp contrast, the deletion of eight or more residues from the VacA amino terminus resulted in protein fragments that were unable to induce detectable vacuolation ( Fig. 2A) . Collectively, these results indicate that nearly the entire VacA amino terminus is required for the toxin to mediate intracellular vacuolation.
Internal deletions within the VacA amino terminus. We next tested the hypothesis that amino acids just downstream of residue 7 are essential for activity by designing a series of internal deletion mutant-GFP fusion constructs. These VacA mutants had small deletions of residues 2 and 3, 5 to 8, 7 and 8, 10 to 13, or 14 to 17. Analysis of transfected cells revealed that VacA mutants with residues 5 to 8, 7 and 8, 10 to 13, or 14 to 17 deleted were unable to induce intracellular vacuolation (Fig. 2B) , while deletion of residues 2 and 3 had no detectable effect on VacA activity, confirming the truncation results. Collectively, the results of the truncation and deletion analyses demonstrate that VacA-induced cellular vacuolation is sensitive to small perturbations at the toxin's amino terminus.
Alanine scanning of the VacA amino terminus. To identify amino acids at the VacA amino terminus that are important for activity, we specifically probed residues 6 to 17 by alaninescanning mutagenesis (Fig. 1) . Each of the selected residues was individually changed to alanine, thereby eliminating all amino acid side chain interactions involving atoms beyond the ␤-carbon (8). This is an especially powerful approach for screening a large set of amino acids because substitution of alanine is considered the least-perturbing substitution of the 20 natural amino acids. Analysis of HeLa cells transfected with plasmids encoding each point mutant revealed that substitution of alanine for Pro-9 or Gly-14 resulted in a mutant form of VacA that was unable to induce intracellular vacuolation (Fig.  2C) . Notably, these are the first VacA point mutations that have been determined to essentially eliminate toxin-induced vacuolation of mammalian cells. In the absence of a known intracellular biochemical activity for VacA, it is not presently possible to ascertain why an alanine substitution at either residue 9 or 14 eliminates toxin activity. Although Western blot analysis revealed that both of these mutant forms were expressed as full-length proteins in HeLa cells (data not shown), further work will be required to delineate whether VacA is destabilized by substitutions at residue 9 or 14.
Neither p37 (P9A) nor p37 (G14A) functionally complements p58. Earlier investigations showed that the VacA amino-terminal and carboxyl-terminal domains, called p37 and p58, respectively, demonstrate functional complementation when coexpressed as discrete fragments in HeLa cells (26) . To test whether a substitution at residue 9 or 14 disrupts functional complementation, we substituted alanine for proline 9 or glycine 14 in a VacA fragment consisting of p37 alone. When coexpressed with p58 in transfected HeLa cells, neither p37 (P9A) nor p37 (G14A) functionally complemented p58 (Fig. 3) , further confirming the importance of residues 9 and 14 to VacA intracellular activity. V6A and V12A, two point mutations that had no apparent effect on VacA-mediated intracellular vacuolation (Fig. 2C) , were also constructed in the p37 fragment alone. In contrast to p37 (P9A) and p37 (G14A), both of these mutant forms of p37 functionally complemented p58 when coexpressed with p58 in transfected HeLa cells (Fig.  3) .
Although the mechanism of p37-p58 complementation has not been elucidated, one model states that these two fragments interact in trans to mediate vacuolating activity (26) . To begin testing this model, we investigated whether p37 (P9A) or p37 (G14A) could block functional complementation of wild-type p37 and p58. In these competition studies, we triple-transfected HeLa cells with plasmids encoding p37 and p58 as well as p37 (P9A), p37 (G14A), or GFP. When transfecting cells with three plasmids, encoding p37, p58, or GFP, we scored transfection efficiency by counting those cells that were both fluorescent (indicating expression of GFP) and vacuolated (indicating the expression of both p37 and p58). Notably, in these experiments, the transfection efficiency ranged from 40 to 80%, which is similar to that found in cells transfected with one or two plasmids. While expression of GFP had no detectable effect on p37-p58 complementation (Table 1) , HeLa cells transfected with an excess of plasmids expressing either p37 (P9A) or p37 (G14A) demonstrated markedly reduced cellular vacuolation. In cells transfected with a sixfold molar excess of a plasmid encoding mutant p37 (P9A), the level of vacuolation was reduced to 27% of that of cells coexpressing only p37 and p58. Mutant p37 (G14A) was even more effective at blocking p37-p58 complementation; in cells transfected with a sixfold molar excess of a plasmid encoding p37 (G14A), the level of vacuolation was reduced to less than 10% of that of HeLa cells expressing p37 and p58 only. The finding that mutant p37 partially blocks p37-p58 functional complementation supports a model involving direct interactions between the two domains. Moreover, these results suggest that a mutation at residue 9 or 14 apparently does not entirely eliminate the ability of p37 and p58 to interact within target cells.
In summary, we have provided evidence to support the hypothesis that residues at the VacA amino terminus are important for toxin-mediated intracellular activity. Collectively, our results demonstrate that nearly the entire amino terminus is essential for VacA activity (10, 26) . Moreover, these studies have led to the discovery of the first VacA point mutations that completely abolish the toxin's intracellular activity. Further work with these inactive mutants may yield stable, nontoxic immunogens for incorporation into vaccines that are effective at protecting against gastric ulcer-and cancer-causing strains of H. pylori. a Equimolar amounts of pET20b-p37 and pET20b-p58 were used in each transfection experiment. To each reaction, pET20b-p37 (P9A), pET20b-p37 (G14A), or pET20b-GFP was added in the relative molar amount indicated. The total DNA added to each transfection reaction was 2 to 6 g.
b Neutral red uptake was analyzed as previously described (6) . OD , optical density at 530 to 410 nm. c Calculated by comparing neutral red uptake with that in experiments using equimolar amounts of pET20b-p37-GFP and pET20b-p58-GFP (100%) or nontransfected HeLa cells (0%).
